White light-emitting diodes ͑LEDs͒ were fabricated by associating an InGaN-based blue LED chip with highly luminescent phosphors, Y 3 Al 5 O 12 :Ce 3+ ͑YAG:Ce͒ and CaSiAlN 3 :Eu 2+ . The thermal stability of these phosphors, depending weakly on the composition and the activator concentration, remains high over a wide range of temperatures ͑25-300°C͒. When a mixture of YAG:Ce and CaSiAlN 3 :Eu 2+ was coated on a blue LED, the resultant white LED had a high luminous efficiency of L = 68 lm/W, a high color rendering index of Ra = 93, and a color temperature of T C = 3007 K ͑at 50 mA͒. Additionally, the color coordinates, Ra and T C , of the white LED tend to remain constant against an appreciable variation in applied current. © 2010 The Electrochemical Society. ͓DOI: 10.1149/1.3465654͔ All rights reserved. Global warming is worsening on account of the consumption of fossil fuels, which produce CO 2 gas, 1 and the fact that a large amount of energy is required for illumination, including both industrial and residential lighting. Accordingly, white light-emitting diodes ͑WLEDs͒ represent a potential next-generation illumination source, as they have very favorable properties, such as high energy efficiency, low power consumption, reliability, and environmental protection. [2] [3] [4] [5] Phosphors are important materials in lighting and have been extensively investigated. 6 The most universal WLED employs a 450-470 nm blue-emitting chip that is coated with a yellow phosphor, Y 3 Al 5 O 12 :Ce ͑Ce-doped yttrium alumina garnet, YAG:Ce͒. The color rendering property of YAG:Ce-based WLEDs is poor owing to a red deficiency of the phosphor YAG:Ce. This problem has attracted the attention of numerous researchers, who have sought to improve the color rendering property of phosphor-converted ͑pc͒ WLEDs. Jang et al. 7 enhanced the color rendering property of the YAG:Ce phosphor by adding Pr and Tb as a coactivator, at the expense of reducing luminous efficiency by energy transfer and increasing the cost of manufacture. Wu et al. 8 reported on a blue light-emitting diode ͑LED͒ that was precoated with green/red phosphors; its luminous efficiency was low and the red-emitting phosphor reached luminescence saturation as the applied current was increased. In addition, Kimura et al.
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In this study, oxide-and nitride-based highly luminescent phosphors, such as yellow-emitting YAG:Ce and red-emitting CaSiAlN 3 :Eu 2+ , respectively, are adopted. A mixture of YAG:Ce and CaSiAlN 3 :Eu 2+ was excited using a blue LED, and the WLED thus comprised a high luminous efficiency, high color rendering index, and Commission International del'Eclairage ͑CIE͒ chromaticity coordinates that did not vary with applied current. The thermal stability of the phosphors was explored herein.
Experimental
First, a polycrystalline sample of Y 3−x Al 5 O 12 :Ce x ͑x = 0.01͒ was synthesized by a solid-state reaction using raw precursors such as Y͑NO 3 ͒ 3 ·6H 2 O, Al͑NO 3 ͒ 3 ·9H 2 O, and Ce͑NO 3 ͒ 3 ·6H 2 O. The mixture was first calcined at 1000°C in air for 24 h. Subsequently, the calcined light-yellow powder was ground again and sintered in air at 1500°C for 24 h to yield a highly crystalline material. The crystallized powder was then milled and annealed in a reducing atmosphere ͑5% H 2 in N 2 ͒ at 1500°C for 12 h to reduce Ce 4+ to Ce 3+ . Nitride-based precursors, including EuN, Ca 3 N 2 , AlN, and Si 3 N 4 , were weighted by the stoichiometric molar ratio in a glove box that was filled with N 2 . The mixture was charged in a boron nitride crucible and then fired in 1 MPa N 2 at 1600°C for 2 h and at 1800°C for 2 h. The fired Ca 1−x SiAlN 3 :Eu x ͑x = 0.02͒ was crushed, sieved, and prepared for measurements to be made. Finally, the two phosphors were mixed with epoxy and coated onto InGaN-based blue LEDs.
The phase purity of the synthesized samples was identified by X-ray powder diffraction ͑XRD͒ analysis using an X'Pert PRO advanced automatic diffractometer with Cu K␣ radiation of 45 kV and 40 mA. The photoluminescence ͑PL͒ spectra were obtained using a FluoroMax-3 and a FluoroMax-P spectrophotometer at room temperature. Thermal quenching was conducted using a heating apparatus ͑THMS-600͒ with PL equipment. Scanning electron microscopy ͑SEM͒ micrographs of the products were captured using a field-emission-scanning electron microscope ͑JSM-6700F, JEOL͒. The electro-optical characteristics and current stability of the WLED were measured using an Everfine PMS-50 spectra system. Figure 1 lattice constants a = b = c, as determined by Menzer in 1928. 11 The unit cell is composed of a single Y, which occupies the 24͑c͒ site, with a dodecahedral ͑distorted cubic͒ lattice and a coordination number of 8. Al ions have two sites in the lattice: octahedral 16͑a͒ and tetrahedral 24͑d͒. 12 The observed peaks of Ca 0.98 SiAlN 3 :Eu 0.02 agree well with the standard patterns for an orthorhombic unit cell ͑space group Cmc21͒; 13 the Al and Si atoms in the crystal were distributed randomly among the 8b sites. The tetrahedra of SiN 4 and AlN 4 form a six-member ring by sharing corners with the Ca 2+ ions at the center of the ring. The identified structure is very similar to the observed ring structures of other nitridosilicates, such as M 2 II Si 5 N 8 ͑M II = Ca, Sr, Ba͒. 14 Ca-N has numerous interatomic distances because calcium atoms are arranged in the channels that are formed by the Si 6 N 18 rings with the ͓001͔ orientation. Therefore, the Ca site is four-coordinated when only the nearest-neighbor ions are taken into account, but more strictly, they are five-coordinated. 13, 15 The morphologies and constituent elements of the crystalline phosphors were determined using SEM and an energy-dispersive X-ray spectrometer ͑EDX͒, separately. Figure 3 shows the normalized photoluminescence excitation and PL spectra of various phosphors. All of the PL spectra were obtained under excitation by a 460 nm blue LED at room temperature. The YAG:Ce phosphor emits a yellow light that peaked at ϳ565 nm via the transition from 4f 0 5d 1 to 4f 1 of cerium ions ͑Ce 3+ ͒. The broad emission band of the red-emitting CaSiAlN 3 :Eu 2+ sample is assigned to the allowed 4f 6 5d 1 to 4f 7 transition of Eu 2+ ions from 550 to 750 nm. Because the emission spectra of the yellow phosphor YAG:Ce are short of the red part, a high color rendering index WLED can be produced by adding the available red-emitting phosphor CaSiAlN 3 :Eu 2+ . Figure 4 plots 16 As a result, the emission peaks of YAG:Ce 3+ were redshifted from 560 to 570 nm, which phenomenon is explained with reference to the Varshni equation for temperature dependence 
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where E͑T͒ is the energy difference between the excited states and the ground states at a temperature T, E 0 is the energy difference at 0 K, and a and b are the fitting parameters. Increasing the temperature reduces the transition energy and redshifts the emission peak. The luminescence intensity decreases by 45% as the temperature increases from 25 to 300°C, as displayed in Fig. 5 . In this study, the emission band of CaSiAlN 3 :Eu 2+ is blueshifted, as presented in Fig.  4b , indicating a thermally active phonon-assisted tunneling from the excited states of the low energy ͑ES 1 :E level of 5d orbital͒ emission band to the excited states of the high energy ͑ES 2 :T 2 level of 5d orbital͒ emission band with increasing temperature, represented by the blue line in Fig. 4c . The thermal quenching temperature, T 50 , is defined as the temperature at which the emission intensity is 50% of its original value. Two samples have a T 50 of over 300°C, suggesting their superior thermal stability as luminescent materials for use in WLEDs, as shown in Fig. 5 . To calculate the activation energy of thermal quenching, the Arrhenius equation was fitted to the thermal quenching data 18, 19 
where I 0 denotes the initial intensity of the emission at room temperature, I͑T͒ is the intensity at temperature T, c is a constant, E is the activation energy for thermal quenching, and k is Boltzmann's constant. The activation energies for thermal quenching were 0.25 and 0.21 eV for YAG:Ce 3+ and CaSiAlN 3 :Eu 2+ , respectively. Figure 6 shows the emission spectra of the YAG:Ce and CaSiAlN 3 :Eu-based WLED under forward bias currents of 50, 150, 250, 350, 450, 550, 650, 750, 850, and 950 mA. At 50 mA, the optical properties of WLED were a high luminous efficiency L = 68 lm/W, a high color rendering index Ra = 93, and a color temperature T C = 3007 K. The total spectral flux of the blue, yellow, and red bands of the pc WLEDs increased with the applied current from 50 to 950 mA. Our luminous efficiency ͑68 lm/W͒ is significantly increased with a comparable color rendering ͑Ra = 93͒ by using only a blue LED pumped for one oxide ͑YAG͒ and one nitride ͑CaSiAlN 3 ͒ phosphor as compared to the results of Kimura et al. 9 in which they used a blue LED to pump three oxynitride phosphors ͑BaSi 2 O 2 N 2 , ␤-SiAlON, and Ca-␣-SiAlON͒ and one nitride ͑CaSiAlN 3 ͒ phosphor with luminous efficiencies of 28-35 lm/W and color rendering values of 95-98. Table I summarizes the optical properties of the pc WLEDs. As the applied current was increased, the luminous efficiency ͑ L ͒ of WLEDs fell because of the droop effect. 20, 21 Therefore, the CIE color coordinates of WLED barely changed, as displayed in Fig. 7 . The results demonstrate the high stability of the WLED that was fabricated in this investigation.
Conclusions
In summary, pc WLEDs were fabricated successfully using the yellow-emitting YAG:Ce and red-emitting CaSiAlN 3 :Eu phosphors. The WLED had a high luminous efficiency L = 68 lm/W, a high color rendering index Ra = 93, and a color temperature T C = 3007 K ͑at 50 mA͒. Additionally, its color coordinates, Ra and T C , were stable against an increase in applied current.
